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Abstract
An intensive ﬁeld observation was implemented for the Tibetan Plateau from early spring to the mature sea-
son of the Asian summer monsoon in 2008. Atmospheric conditions in the early spring and the pre-monsoon sea-
son are investigated in detail using radiosonde observation data. In early spring, atmospheric proﬁles show un-
stable stratiﬁcation, which can result in strong dry convection. In the mixing layer developed by convection, the
potential temperature (PT ) increases signiﬁcantly during the day near the surface. On the other hand, there is no
clear tendency in the variation in PT above the mixing layer. In the pre-monsoon season, there is a clear increas-
ing trend of PT at each level from the surface to the upper troposphere. The largest heating amount and trend are
observed in the upper troposphere. Since cumulus activities become less frequent in the pre-monsoon season, the
upper tropospheric heating in this season cannot be caused by latent heat release, as noted in past studies. On the
other hand, the proﬁles of PT show quite stable stratiﬁcation and the mixing layer is shallow in this period. Under
such a condition, the remarkable heating in the upper layers cannot be due to the development of the mixing
layer. In past studies, a dry convection induced by strong surface heating is thought to be a possible cause of at-
mospheric heating over the Tibetan Plateau in the pre-monsoon season. However, the observation results reveal
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that such a locally induced convection is not enough for the signiﬁcant heating. In addition, the temporal varia-
tions of PT at the eastern and western part of the plateau show some similarity. This similarity and the character-
istics in dry and wet convections denote some synoptic scale processes may have important roles in the heating
over the Tibetan Plateau in the pre-monsoon season.
1. Introduction
The Tibetan Plateau is an important component
of the Asian summer monsoon system. Recently,
Boos and Kuang (2010) noted that warm and cold
air in the south and north of the plateau are insu-
lated by the orography, which is the main mecha-
nism by which the plateau forms and maintains the
monsoon in South Asia. However, atmospheric
heating over the plateau also a¤ects the meteoro-
logical and climatological conditions of East Asia,
especially in southwestern China. Zhao and Chen
(2001) presented negative correlation between the
summer heat source of the plateau and convective
activity over a wide region in Eastern Asia. Hsu
and Liu (2003) showed that strong heating over
the plateau is associated with heavy rainfall in JJA
(June, July, August) in central China, the southern
Korean Peninsula, and most of Japan. They pre-
sented a similar anomalous tendency in atmo-
spheric heating between JJA and MAM (March,
April, May), and for this persistent heating, they
suggested that a more accurate estimate of spring-
time heating would be useful in predicting summer-
time rainfall in East Asia. Duan and Wu (2005) in-
vestigated the relationship between rainfall and
atmospheric circulation in July over East Asia and
sensible heating from April to June over the pla-
teau, and demonstrated that strong sensible heating
over the plateau leads to a positive rainfall anomaly
over the plateau and the area southeast of the pla-
teau, but a negative rainfall anomaly to the north,
northwest, and west of the plateau. These results
disagree with those of Zhao and Chen (2001), who
described a rainfall anomaly to the east of the pla-
teau related to heating over the plateau. The rela-
tionship between atmospheric heating over the pla-
teau and rainfall in Asia requires further study.
Therefore, the heating process of the atmosphere
over the Tibetan Plateau is one of the most impor-
tant factors in the Asian summer monsoon system.
Luo and Yanai (1984) suggested that, using radio-
sonde and surface observation data, dry thermal
convection formed near the heated ground surface
in the afternoon has a role in tropospheric heating
over the plateau before the rainy season. Yanai
and Li (1994) noted that a large daytime tempera-
ture di¤erence between ground and air generates
a layer with a super-adiabatic lapse-rate near the
surface that leads to dry convection and upward
movement of the air mass. They concluded that
sensible heat ﬂux due to the upward ﬂow is the
major source of heating over the plateau before the
rainy season. Ueda et al. (2003) analyzed 4DDA
data obtained by the GEWEX Asian Monsoon Ex-
periment for the western Tibetan Plateau from May
to August 1998 and demonstrated the importance
of condensation heating in terms of the heat bal-
ance during the pre-onset phase of the summer
monsoon. They emphasized the importance of con-
densation heating in terms of the ﬁrst transition
of the Asian summer monsoon and showed that
the eastern plateau remains a heat sink with clear
subsidence during May and June. Taniguchi and
Koike (2007) examined radiosonde observation
data obtained for the eastern plateau and con-
ducted numerical simulations employing a regional
weather prediction model. They showed cumulus
convection was indispensable in warming the upper
troposphere over the plateau during the season be-
fore the summer rains.
To understand the heating over the Tibetan Pla-
teau, synoptic scale conditions have to be also con-
sidered. Murakami and Ding (1982) investigated
the characteristics of upper-tropospheric circulation
over the Eurasian continent during the early sum-
mer. They showed a warm region in the southwest
of the plateau and a signiﬁcant convergence area in
the west of the plateau. They also presented a dom-
inant adiabatic heating before rainy season and
suggested the heating is due to subsidence motion
in that region. He et al. (1987) examined the warm-
ing over the area from Iraq to the western plateau
in the second transition period (or the pre-onset of
rainy season) and presented the relationship with
the development of the 200 hPa anticyclone over
this region. And they concluded that the dominant
mechanism for the warming centered over the Iran-
western plateau region is adiabatic warming due to
the subsidence motion. Yanai et al. (1992) also con-
cluded that atmospheric heating in the west of the
plateau is caused by adiabatic heating associated
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with subsidence motion. Tamura et al. (2010) ex-
amined the climatological conditions of the atmo-
sphere in Asia with reanalysis data, and discussed
the mechanism of upper tropospheric warming
over the plateau. They also suggested that adiabatic
subsidence plays an important role and adiabatic
warming to the southwest of the plateau is closely
related with anomalous Hadley-type circulation in-
duced by the strong tropical convections.
Processes of atmospheric heating over the pla-
teau are understood to a large extent; however, sev-
eral topics require further investigation (e.g., the
e¤ect of the diurnal cycle and local and large-scale
interaction). At the same time, intensive observa-
tions have been made from the pre-monsoon season
to the monsoon season (or the rainy season), but a
detailed investigation has not been possible owing
to a lack of in-situ observation data in other sea-
sons. In some studies, the heating over the plateau
was investigated by temporally mean atmospheric
conditions for several dozen days (e.g., Luo and
Yanai 1984; He et al. 1987), or vertically mean con-
ditions for several layers. In the seasonal progres-
sion of the Asian summer monsoon, especially in
pre-monsoon season, atmospheric conditions dras-
tically changes and these variations are di¤erent
between layers. Then, detail investigations are in-
dispensable to understand accurate processes of the
atmospheric heating.
In 2008, a series of intensive observation cam-
paign was implemented at various observation sites
in China under the framework of the Japan Inter-
national Cooperation Agency (JICA) and involving
cooperation between Japan and China. The ﬁeld
campaigns were implemented in three intensive ob-
servation periods in China, including a wide region
of the Tibetan Plateau. The target periods of the
campaigns are early spring, the pre-monsoon sea-
son, and the mature season of the summer mon-
soon. In this study, using the intensive observation
data, conditions of the atmosphere over the plateau
are investigated in detail in the less-observed sea-
sons, and the processes of atmospheric heating are
discussed.
In Section 2, observations and datasets are
brieﬂy overviewed. In Section 3, seasonal and diur-
nal variations of the atmosphere over the plateau
are investigated using the observation data. In Sec-
tion 4, the increase in atmospheric temperature in
the upper troposphere is discussed from the view
point of synoptic-scale conditions. Finally, a sum-
mary and discussions are presented in Section 5.
2. Observations and data
2.1 Overview of observations
The ‘‘Japan-China Meteorological Disaster Co-
operated Research Center’’ project has been run by
the JICA since 2005. Its goal is the mitigation of
meteorological disasters and e‰cient management
of water resources in East Asia. Observational
equipment has been upgraded over the Tibetan Pla-
teau and southeastern China. At the same time, a
numerical prediction model has been developed us-
ing those observation data.
Three intensive observation periods (IOPs) were
scheduled for 2008: 25 February–19 March, 13
May–12 June, and 20 June–19 July. Instruments
including a radiosonde observation system were
used in the observations during those periods. In-
tensive radiosonde observations (four times per
day) were made at two observation sites on the
Tibetan Plateau (Naqu and Gaize). Figure 1 shows
the terrain of the plateau and the locations of the
two observation sites. Naqu is located on the east-
ern plateau at 31.29N, 92.04E and 4508 m above
sea level (mASL) and Gaize on the western plateau
at 32.09N, 84.25E and 4415 mASL. In this paper,
the radiosonde observation data for Naqu and
Gaize collected during the ﬁrst IOP (IOP1) and
second IOP (IOP2) are used. The radiosonde obser-
vations were made at 0100, 0700, 1300 and 1900
Beijing standard time (BST). A Vaisala global posi-
tioning system (GPS) radiosonde system and an
L-band system were used in Gaize and Naqu, re-
spectively. Detailed data (taken every 2 s) are avail-
able for Gaize, and data at standard pressure and
signiﬁcant pressure levels are available for Naqu.
Although an intensive observation campaign was
implemented in May 1998 under the framework of
the GEWEX Asian Monsoon Experiment, the ob-
servation data were not as dense as those obtained
in the JICA IOPs in 2008. Especially, the vertical
proﬁle of the atmosphere was observed in more de-
tail in the IOPs. There was no intensive radiosonde
observation in the plateau in early spring before
this project. Using the observation data obtained
in 2008, atmospheric structures and processes of di-
urnal and seasonal variations in atmospheric tem-
perature can be investigated more closely than
those in past studies.
2.2 Other datasets
To investigate synoptic-scale conditions, a re-
analysis product published by the Japan Meteoro-
logical Agency (JMA) Climate Data Assimilation
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System (JCDAS) is used. The JCDAS product was
produced under the same conditions as for the Jap-
anese 25 year reanalysis product (JRA-25). JRA-25
is a joint research project between the JMA and
Central Research Institute of Electric Power Indus-
try. The resolution of the global model used in
JRA-25 is T106L40 and the height of the top layer
is 0.4 hPa. The assimilation method employed is
the three-dimensional variational analysis (3D-
Var). An advantage of JRA-25 is that the precipit-
able water product obtained by the Special Sensor
Microwave/Imager (SSM/I) onboard the Defense
Meteorological Satellite Program (DMSP) series of
polar orbiting satellites and the radiance data re-
corded by the TIROS Operational Vertical Sounder
(TOVS) are assimilated. Details are available in
Onogi et al. (2007).
The importance of cumulus convection to atmo-
spheric heating over the plateau before the rainy
season is shown by Taniguchi and Koike (2007).
In the present paper, seasonal variation in the cu-
mulus activity is examined and the relationship
with the atmospheric temperature discussed. For
that purpose, we used the brightness temperature
(TB) data recorded by the Multi-functional Trans-
port Satellite (MTSAT) launched by the Japan
Aerospace Exploration Agency (JAXA). To inves-
tigate cumulus activity, IR1 channel data (a wave-
length of 10.3–11.3 mm) are used. In the range of
IR1, the observed TB correctly corresponds to the
physical temperature of objects and is useful in de-
tecting the cloud top and investigating cumulus
activity.
Cumulus convective activity around the Tibetan
Plateau is also investigated using outgoing long-
wave radiation (OLR) data from the National Oce-
anic and Atmospheric Agency (NOAA). Although
the original observation has gaps, the data set is
ﬁlled by temporal and spatial interpolation (Lieb-
mann and Smith 1996). Daily interpolated OLR
data are obtained from twice-daily observations
with advanced very-high-resolution radiometer
(AVHRR) instruments onboard TIROS N and the
NOAA series of satellites. NOAA interpolated
OLR data are available from June 1974 to the pres-
ent with spatial resolution of 2:5  2:5.
3. Observation results
Figure 2 presents time-height cross sections of
the di¤erence in potential temperature (PT ) be-
tween two consecutive radiosonde observations
for Gaize in IOP1 and IOP2. The results can be
Fig. 1. Terrain of the Tibetan Plateau. The open circle and square indicate Gaize and Naqu respectively.
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assumed to represent the increase in PT during a
6-hour period. In IOP1, there is clear diurnal varia-
tion mainly below 8000 mASL, or both a signiﬁ-
cant increase in PT during the day and decrease at
night. The increase in PT reached 9000 mASL on
some observation days. Although such diurnal vari-
ation is also observed in IOP2, the clear diurnal
cycle is limited to layers lower than those in IOP1.
In the upper layer (above 8000 mASL in IOP1 and
9000 mASL in IOP2), there is no clear diurnal cycle
and a tendency of atmospheric warming/cooling
continues for several days. Figure 3 is the same
as Fig. 2 but for Naqu. As seen for Gaize, there
is clear diurnal variation near the surface both in
IOP1 and IOP2, and again, there is no such feature
in the upper layers. The results indicate that the
atmospheric temperature changes through di¤erent
processes in the lower and upper layers, both in
IOP1 and IOP2. In past studies, the western and
eastern plateau are distinguished by quite di¤erent
climate conditions as dry and wet regions; however,
the results in Figs. 2, 3 show similar features of the
seasonal variation in PT both in the west and east
during early spring and the pre-monsoon season.
Figure 4 shows a time series of PT at several
heights observed by radiosonde during IOP1 for
Gaize and Naqu. A linear regression line is drawn
for each time series. The observation data are
Fig. 2. Time series of the increase in PT between each two observation for Gaize. The left panel is the result
for IOP1 and the right for IOP2. The vertical and horizontal axes are the height and time respectively. Red
colors indicate increase in PT, and blue decrease. Grids shaded black indicate missing values. The unit of
values is Kelvin.
Fig. 3. Same as Fig. 2 but for Naqu.
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recorded with di¤erent height formats for Gaize
and Naqu, and the results are compared for two
close layers. The compared layers are not exactly
the same for the two locations but are considered
to have similar tendencies.
At 5500 mASL for Gaize and 500 hPa for Naqu,
near the surface, the linear regression line of PT in-
dicates a slightly increasing trend during IOP1. A
Mann-Kendall trend test for these time series con-
ﬁrms the increasing trend at a 1% signiﬁcance level.
There is no clear trend for PT at 9500 mASL for
Gaize and 300 hPa for Naqu. The Mann-Kendall
trend test shows an increasing trend for those levels
at both sites but the results are not signiﬁcant. PT
at 10,500 mASL and PT at 200 hPa do not have
signiﬁcant trends either. Figure 4 shows a decreas-
ing trend of PT at 200 hPa for Naqu, which is
conﬁrmed by the Mann-Kendall test. On the other
hand, no clear trend is statistically suggested at
12,000 mASL for Gaize. The results for the four
layers indicate that there is an increasing trend in
PT near the surface but no signiﬁcant trend in the
middle or upper troposphere over the Tibetan Pla-
teau during IOP1 or early spring. Comparing data
for Gaize and Naqu, there is some similarity in the
temporal variation in PT. For example, in the pe-
riod 25 February–1 March, PT decreased signiﬁ-
cantly at 9500 and 10,500 mASL for Gaize and
300 and 250 hPa for Naqu. Such co-occurring vari-
ation is also recognized in the lower layer (e.g.,
5500 mASL and 500 hPa) and the upper layer
(e.g., 12,000 mASL and 200 hPa). The distance be-
tween Gaize and Naqu is about 900 km, and thus
the results indicate that the atmospheric tempera-
ture for Gaize and Naqu are a¤ected by a synoptic-
scale condition and the e¤ect sometimes ap-
proaches the surface.
Figure 5 is the same as Fig. 4 but for IOP2. The
linear regression lines of PT indicate an increasing
trend at 5500, 9500, 10,500 mASL for Gaize and
500, 300, 250 hPa for Naqu. Results of the Mann-
Kendall trend test for those time series conﬁrm the
increasing trend during this period. At the same
time, PT at 12,000 mASL for Gaize has an increas-
ing trend. The linear regression line of PT at
200 hPa for Naqu shows only a slight increase, but
Fig. 4. Time series of PT in IOP1 for each layer above Gaize and Naqu. Broken lines indicate linear regres-
sion. The x- and y-axis are for date and PT, respectively.
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the Mann-Kendall trend test conﬁrms the trend.
Therefore, the atmosphere is warming up in each
layer from the surface to the upper troposphere
over the plateau in IOP2. In IOP1, PT for Gaize
and Naqu has similar temporal variations in some
periods (Fig. 4), and such similarity in temporal
variation at both sites is also recognized in IOP2
and the e¤ect of synoptic-scale conditions is seen
even in the pre-monsoon season.
Figure 6 shows the vertical proﬁles of the total
increase in PT (or di¤erence in PT between the ﬁrst
and last days in each IOP), the slope of linear re-
gression line for PT at each level, the mean daytime
increase in PT (or di¤erence in PT between 07 and
19 BST averaged for each IOP) and the mean pro-
ﬁle of PT for Gaize and Naqu. Figure 6a shows
that the total increase in PT is quite di¤erent be-
tween IOP1 and IOP2 for Gaize. The slope of the
linear regression line, or linear trend, is derived
from 6-hourly observations and the unit is Kelvin
per 6-hour interval. A signiﬁcant (insigniﬁcant)
trend is indicated by white (black). In IOP1, the
total increase in PT is only 2–3 K and limited
to below 8000 mASL or so. From 8000 to
10,500 mASL, there is a layer with notable cooling;
however, the Mann-Kendall trend test does not
conﬁrm a clear trend. Therefore, this cooling is sim-
ply the di¤erence in PT between the last and ﬁrst
days of IOP1. In IOP2, a signiﬁcant increase in PT
is recognized from the surface to the upper tropo-
sphere (Fig. 6a). The magnitude of the increase is
much larger than that in IOP1 and the maximum
increase in PT is observed at around 9500 mASL.
The vertical proﬁle of the trend for IOP2 is similar
to that of the total heating. However, the largest in-
creasing trend is observed around 10,500 mASL, at
a level higher than the level of the greatest total
increase in PT. As mentioned above, the total in-
crease in PT is simply the di¤erence between two
observations and does not correctly represent the
feature of heating. Although the total increase in
PT shown in Fig. 6a is small, substantive heating
is expected in upper layers.
The mean daytime increase in PT for Gaize in
IOP1 shows that the atmosphere is warmed below
around 9000 mASL (Fig. 6b). The increase in PT
is largest at the surface because of the high intensity
of incoming shortwave radiation over the plateau
Fig. 5. Same as Fig. 4 but for IOP2.
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and the increase in PT then reduces with height.
Figure 6a shows the total heating during IOP1 is
limited to below 8000 mASL; however Fig. 6b
shows an increase in PT during the day to a height
of around 9000 mASL. This discrepancy is thought
to be due to signiﬁcant cooling at night, which is
recognized in Fig. 2. The mean proﬁles of PT in
IOP1 show that there is an absolutely unstable
layer near the surface at 1300 BST, and a strong
upward ﬂow is expected to be formed. At 1900
BST, PT is vertically constant and signiﬁcant in-
crease in PT from 1300 BST is recognized below
around 8500 mASL. These results indicate the de-
velopment of a deep mixing layer during the day,
or between 1300 and 1900 BST (Fig. 6c). In this
mixing layer, the atmosphere is e¤ectively warmed,
which results in the large PT increase shown in Fig.
6b. In IOP2, the top of the mean daytime increase
in PT is slightly below 10,500 mASL (Fig. 6b) and
lower than the highest point of the total heating in
IOP2 (Fig. 6a). These results indicate an increase in
PT even at night in the upper layer. The mean pro-
ﬁle of PT in IOP2 is quite di¤erent from that in
IOP1 (Fig. 6d). The proﬁle indicates that the atmo-
sphere has rather stable stratiﬁcation, and thus,
there is little dry convection. Under such a condi-
tion, e¤ective heating due to the development of
a mixing layer cannot be expected. However, as
Fig. 6. Vertical proﬁles of: a) and e) total increase in PT during each IOP and the slope of the linear regres-
sion line (trend), b) and f ) mean daytime increase in PT, c), d), g) and h) mean PT for each observation
time. Results are shown for IOP1 and IOP2. Upper panels are for Gaize and lower panels for Naqu. For
the trends, signiﬁcance at the 5% level according to a Mann-Kendall trend test are indicated by an open
square and circle for IOP1 and IOP2, respectively. Insigniﬁcant results are shown by black squares (no in-
signiﬁcant results for IOP2). For a) and e), the x-axis at top is for the trend and that at bottom for total
increase in PT.
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described above, Fig. 6b shows clear daytime in-
crease in PT above 9000 mASL in daytime and the
signiﬁcant total increase is recognized in the much
higher levels than that.
Similar characteristics are observed for Naqu. In
IOP1, the mean PT proﬁle indicates the develop-
ment of a mixing layer which can explain the mean
daytime increase in PT reaching around 300 hPa
(Fig. 6g). On the other hand, the discrepancy be-
tween the tops of total and mean daytime increase
in PT can be explained by cooling at night as for
Gaize. In IOP2, the total increase in PT is largest
near the surface, but a signiﬁcant increase is ob-
served in the upper troposphere (Fig. 6e). The pro-
ﬁle of the trend shows the largest value at 300 hPa.
Above 300 hPa, the increasing trend is easily recog-
nized although total increase in PT is not so great.
As described in the case of Gaize, the total increase
in PT is simply the di¤erence between two observa-
tions and sometimes the trend is missed. Tamura
et al. (2010) investigated atmospheric heating using
the results for 200 hPa. Therefore, from the clima-
tological view, there is signiﬁcant heating and a
clear increasing trend in PT in the upper layers
above 300 hPa. Comparing the trends in IOP1 and
IOP2, the former is greater below 300 hPa. How-
ever, the trend is derived from linear regression
and could be greatly a¤ected by temporal cooling
around the end of February (Fig. 4). Therefore,
here we should not say which the greater heating
is. The mean PT proﬁles in IOP2 suggest an intense
mixing layer cannot develop (Fig. 6h). Therefore,
as for Gaize, the heating in the upper troposphere
cannot be explained by the development of a mix-
ing layer.
Luo and Yanai (1984) evaluated the capability of
dry convection. In their study, the observed maxi-
mum surface PT indicated a strong upward ﬂow
near the surface and the PT proﬁles showed a clear
increase in PT between 00 and 12 UTC below
400 hPa. The PT also showed a vertically constant
proﬁle, which is thought to be formed by mixing of
upper and lower atmosphere, but such a proﬁle was
observed only below 400 hPa. These results in Luo
and Yanai (1984) indicate a deep dry convection
hardly developed. Thus, the heating in the upper
layer cannot be caused by dry convection. Yanai
and Li (1992) also noted large temperature di¤er-
ence between ground surface temperature and air
temperature at 1.5 m forms dry thermal convec-
tion. However the atmospheric proﬁles shown in
their study indicated stable stratiﬁcation above
400 hPa and deep dry convection cannot be ex-
pected. In addition, the atmospheric proﬁles shown
in this study clearly show stable stratiﬁcation in
IOP2 (Fig. 6), and it evidence that the increase in
PT during this period cannot be explained by the
process shown in the past studies.
Taniguchi and Koike (2007) summarized the im-
portance of convective cloud activity to the increase
in PT over the Tibetan Plateau. They showed a
signiﬁcant increase in PT in the upper troposphere
in April, before the onset of rains on the plateau,
with strong cumulus activity, using radiosonde
observation and satellite data. And also, the sea-
sonal variation in cumulus activity was investi-
gated by Taniguchi and Koike (2008). They de-
ﬁned the index of cumulus activity occurrence (Ico)
as
Ico ¼ 250minðTBð06 UTCÞ;TBð12 UTCÞÞ
Figure 7 is the time-series of Ico for Gaize and
Naqu derived from MTSAT IR1 from February to
July, 2008. The values are averaged over 90.5E–
Fig. 7. Time series of Ico for Gaize and Naqu from early spring to summer.
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93.5E, 30.0N–33.0N for Gaize and 83.0E–
86.0E, 30.5N–33.5N for Naqu. From the begin-
ning of February to early March, the frequency of
cumulus activity is not high for Gaize and cumulus
activity is often observed from mid-March to mid-
April. In Naqu, frequent cumulus activity is recog-
nized from mid-February to mid-April. As seen in
Fig. 4, there is no clear trend in PT during IOP1,
and thus, the e¤ect of such cumulus activity on PT
is thought to be small. From mid-April to the end
of June, including IOP2, cumulus activity is hardly
observed at either observation site. The results indi-
cate that the notable increase in PT in the upper
troposphere in IOP2 cannot be explained by latent
heat release in the upper troposphere along with cu-
mulus activity.
The PT proﬁles by radiosonde observation and
the seasonal variation of Ico show that the signiﬁ-
cant increase in PT during IOP2 is not due to dry
or cumulus convection induced by local atmo-
spheric conditions. In addition, di¤erence in the
heating process between the eastern and western
part of the plateau has been pointed out in past
studies. But there are some similarities in the atmo-
spheric proﬁles, cumulus activities, and the tempo-
ral variation in PT during IOP2. These results indi-
cate that large scale process has a dominant
function in the variation of PT both in the east
and west.
Thus, to understand the increase in PT during
IOP2, not only the local atmospheric conditions
around Gaize and Naqu but also synoptic-scale
conditions in the surrounding regions are impor-
tant. The recent results of Tamura et al. (2010) re-
veal that upper tropospheric heating over the pla-
teau is remotely induced by convective activity in
the tropics in the form of adiabatic heating due to
the downward motion of the Hadley-type circula-
tion, and strongly suggests the importance of mon-
soon activity in a wide area of Asia as the heating
system. In the next section, based on the past stud-
ies, synoptic-scale conditions around the plateau in
2008 are discussed.
4. Discussion
4.1 Review of the past studies on the climatology
Atmospheric heating around the Tibetan Plateau
has been investigated from the standpoint of syn-
optic scale conditions in Asia. As introduced in
Section 1, Murakami and Ding (1982), He et al.
(1987) and Yanai et al. (1992) presented that large
scale subsidence around the plateau associated
with the general circulation is the dominant mecha-
nism for the temperature increase.
Recently, Tamura et al. (2010) elucidated a detail
process of the warming in upper troposphere over
the Tibetan Plateau in pre-monsoon season. They
showed that pre-monsoon heating over the plateau
is due to adiabatic heating with downward motion
over the western plateau, which is a compensation
for the Hadley-type circulation induced by convec-
tive activity in the tropics. They veriﬁed this process
by numerical simulations. Removing the latent heat
ﬂux around the Bay of Bengal (BoB), the heating
around the plateau was greatly reduced. On the
other hand, the changes in the heating was small
when the sensible and latent heat ﬂux from the pla-
teau was eliminated. Yanai et al. (1992) suggested
the subsidence motion in the west of the plateau is
due to the upward motion over the plateau. But the
process shown in Tamura et al. (2010) is thought to
be a convincing explanation. Discussion in Yanai
et al. (1992) is based on the results in 1979. How-
ever, Tamura et al. (2010) investigated a climato-
logical condition based on a long-term reanalysis
data, and it seems a general process of the heating
over the plateau.
4.2 Synoptic-scale conditions in 2008
Based on the process illustrated in Tamura et al.
(2010), synoptic scale conditions during IOP2 in
2008 are investigated. Figure 8 shows PT, the geo-
potential height, and the wind vector at 300 hPa
from 25 May to 8 June. On 25 May, there is a
warm core over the BoB, and it spreads around
27–29 May. A southwesterly is recognized in the
southern periphery of the plateau, and it can trans-
fer the warm air onto the plateau. From 29 May, a
warmer air mass spreading over the southern Tibe-
tan Plateau. On 2 June, the warmer air reaches
Pakistan and Afghanistan. From 4 to 6 June, a
warmer region (PT higher than 346 K) spreads
westward to the Arabian Peninsula. On 8 June, the
warmer region spreads from the base of the Ara-
bian Peninsula to the Indochina Peninsula, center-
ing on northeastern India. There is a strong west-
erly along 25N, where the warmer air spreads,
and the result indicates the spreading warmer air is
not due to horizontal advection.
Figure 9 shows the variation in PT and mean
vertical velocity over 10 days in the early and
late parts of IOP2. The results are derived using
JRA-25. In early IOP2 (13 May–22 May), substan-
tial downward motion is observed from India to
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Fig. 8. PT, wind and geopotential height at 300 hPa from 25 May to 8 June. The colors and contour lines
indicate PT (Kelvin) and geopotential height (m), respectively. The vectors indicate wind direction and
wind speed. The results are shown for every two days.
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Fig. 9. Mean vertical p-velocity for 10 days in the early IOP2 (13–22 May) and the late IOP2 (1–10 June).
Variations in PT during the same 10-day periods are also plotted. Results are for 250, 300, 400 and
500 hPa from the top. Colors indicate the mean p-velocity and contours indicate the variation in PT. The
unit for the p-velocity and the variation of PT are Pa/s and Kelvin, respectively.
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Pakistan in each layer. As denoted in He et al.
(1987), this is the downward motion accompanied
by anticyclonic circulation over the Arabian Penin-
sula shown in Fig. 8. On the other hand, signiﬁcant
upward motion is recognized in the BoB, the South
China Sea, and the southern Arabian Sea. The up-
ward motion indicates cumulus activities in this re-
gion, and the warm core over the BoB seen on 25
May is thought to be formed by latent heat release
accompanied by the cumulus convection in that re-
gion. There is also clear upward ﬂow over the Tibe-
tan Plateau in early IOP2. However, Fig. 7 show
less cumulus activity during this period and the up-
ward ﬂow does not indicate cumulus convection.
The variation in PT indicates that there is some de-
crease in PT over the plateau at 250 hPa, and no
clear variation at other layers in the early IOP2.
In late IOP2 (1 June–10 June), the area with sig-
niﬁcant upward ﬂow becomes larger than in the
early IOP2, especially in the Arabian Sea and the
south of the BoB. The expansion of the signiﬁcant
upward ﬂow indicates the enhancement of convec-
tive activity in South Asia, or the onset of the In-
dian summer monsoon. The upward ﬂow over the
Tibetan Plateau becomes weaker than in the early
IOP2. On the other hand, the area with signiﬁcant
downward motion is recognized in the west of the
plateau. Between the areas with upward and down-
ward ﬂow, as shown in Tamura et al. (2010), the
Hadley-type circulation is thought to be formed.
At 300 and 250 hPa, noticeable increase in PT is
recognized around the area of the signiﬁcant down-
ward ﬂow. Tamura et al. (2010) showed the atmo-
spheric heating in the west of the plateau is due to
the downward motion of the Hadley-type circula-
tion, and the results in Fig. 9 indicate the same pro-
cess. The increasing PT is large at 300 hPa and
250 hPa, but also recognizable at 400 hPa (Fig. 9).
There is a signiﬁcant increase in PT and a clear
heating trend in this layer (Figs. 6a, e), but the mix-
ing layer hardly reaches this height (Figs. 6d, h).
Therefore, adiabatic heating due to the downward
ﬂow induced by cumulus convection in the tropics
can a¤ect those layers. On the other hand, there is
no clear increase in PT at 500 hPa. Although a
downward motion is observed, the e¤ect is quite
small for this layer. There is one notable feature in
the PT variation in the late IOP2. The region with
clear downward motion is limited, but the increase
in PT is widely observed from the subsidence area
to the east of the plateau (Fig. 9). Same features
were observed in Tamura et al. (2010) and the heat
budget analysis in their study showed the heating in
the east of the subsidence caused by horizontal ad-
vection. Figure 8 shows strong westerly above the
subsidence area and the Tibetan Plateau, and the
increasing PT in upper layer over the plateau is
due to the transportation of warmed air by hori-
zontal advection.
Correspondence of the temporal variations of
PT observed by in-situ observation and the syn-
optic scale conditions are investigated. Figure 10
is the time-series of OLR averaged over South
Asia (60E–100E, 5N–20N) and PT at
10,500 mASL for Gaize at 300 hPa for Naqu. The
heating trend are largest in these layers (Figs. 6a, e),
and clear temporal variation is observed during this
period. Before 21 May, there are no clear variation
in PT at Gaize and Naqu, and OLR. The decreas-
ing OLR indicates convective activity from 21
May. At the same time, PT increases both for
Gaize and Naqu. In Section 3, it is shown that dry
or cumulus convection cannot cause the signiﬁcant
increase in PT in the upper layer during IOP2.
From 21 to 29 May, Figs. 8, 9 indicate that the
warm core around the BoB is formed by latent
heat release related to the convective activity in
that region. At the same time, there is no warm re-
gion in the west of the Tibetan Plateau (Fig. 8).
Therefore, the increase in PT for Gaize and Naqu
from 24 to 28 May is thought to be mainly due to
the latent heat release around the BoB, and the ef-
fect of subsidence motion is thought to be small.
Figure 10 shows signiﬁcant cooling from 30 May
in upper troposphere for Gaize and Naqu. In Fig.
8, a cooler air mass is located in the west of the
Tibetan Plateau on 25 May and it moves eastward
and passes over the plateau by 2 June. Therefore,
the cooling shown in Fig. 10 is due to the synoptic-
scale condition. Fujinami and Yasunari (2004)
examined the sub-monthly variation in convective
activity and atmospheric circulation around the
plateau and showed that a meandering ﬂow moves
dry and cold air onto the plateau and suppresses
convective activity over the plateau. Although
they mainly focused on convective activity and
the target period was summer, the consideration of
synoptic-scale mid-latitude conditions is indispens-
able in understanding the plateau meteorology.
A clearly increasing PT is observed from 3 June
for Gaize and Naqu (Fig. 8) after the passing of
the synoptic-scale cooler air-mass. From 2 June, al-
though the time series of PT has a monotonously
increasing trend (Fig. 10), the warmer region
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suddenly spreads from 6 June as shown in Fig. 8.
On the other hand, the decreasing OLR shows en-
hancement of the cumulus activity in South Asia
(Fig. 10). The results suggest that the enhancement
of convective activity a¤ects a wider region, and the
increasing PT is thought to be a response to con-
vective activity.
Synoptic-scale conditions in IOP2 show that, as
soon as there is convective activity in the BoB in
late May, PT increased signiﬁcantly over the pla-
teau. However, this is not expected to be due to
adiabatic heating induced by the Hadley-type circu-
lation accompanied by convection in South Asia,
but latent heat release of convection at the BoB.
At the same time, a cooler air mass related to syn-
optic-scale meandering ﬂow cools the plateau even
in the period of strong convection. With the cool
air mass passing and enhancing the convective
activity, the warmer air suddenly spread while cen-
tered on the eastern plateau. This is adiabatic heat-
ing due to the downward motion of the Hadley-
type circulation. Tamura et al. (2010) showed
climatological process of the heating over the pla-
teau and summarized as an adiabatic heating in-
duced by the Hadley-type circulation is a dominant
mechanism. However, in the seasonal progression
of a certain year, the variation in atmospheric tem-
perature over the plateau is caused by a combina-
tion of several synoptic-scale processes.
5. Summary and conclusions
In this study, an increase in atmospheric tem-
perature over the Tibetan Plateau in early spring
and the pre-monsoon season in 2008 are investi-
gated using dense and continuous data obtained
by intensive observation, reanalysis data, and sat-
ellite products. The results are summarized as
follows:
1) In early spring (IOP1), the radiosonde obser-
vation results show that a deep mixing layer devel-
ops and warms the air e‰ciently during the day.
However, cooling at night is also signiﬁcant and
the total increase in temperature in early spring
is small and limited to near the surface. Because
of no intensive radiosonde observation in early
spring before the JICA project, detail structures
and features of atmosphere over the plateau in
early spring are ﬁrst shown in this study, and these
results are important to reveal the entire seasonal
variation of meteorological conditions over the
plateau.
2) In the pre-monsoon season (IOP2), the total
increase in PT in that period and the mean daytime
increase in PT are remarkable. In past studies, dry
thermal convection has been thought to cause the
atmospheric heating over the plateau during the
pre-monsoon season. However, the observation re-
sults in this study show a shallow mixing layer, and
Fig. 10. Time series of OLR and PT. The line with square is OLR averaged for South Asia (60E–100E,
5N–20N). Thick solid line is PT at 10,500 mASL observed in Gaize, and broken line is at 300 hPa
in Naqu. The y-axis at the left is for PT and that at the right is for OLR. The unit for PT and OLR are
Kelvin and W m2, respectively.
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suggest the dry thermal convection cannot cause
the atmospheric heating over the plateau in pre-
monsoon season. At the same time, cumulus activ-
ity occurs less frequently in pre-monsoon season,
and the increase in PT in upper layers cannot be
occurred by latent heat release associated with cu-
mulus convection. The shallow mixing layer and
the infrequent cumulus activity indicate that local
meteorological phenomena cannot cause the upper
tropospheric heating over the plateau in pre-
monsoon season.
3) During the IOPs in 2008, the radiosonde ob-
servations were concurrently implemented in the
eastern and the western plateau. In previous stud-
ies, di¤erences in atmospheric conditions between
the east and the west have been pointed out.
However, the characteristics of the PT proﬁles
and the meteorological phenomena expected from
the proﬁles are similar between them both in IOP1
and IOP2. At the same time, the temporal varia-
tions of PT show a simultaneity between the two
sites.
The second and third results suggest the existence
of a large-scale process which controls the atmo-
spheric heating in the entire part of the Tibetan Pla-
teau. Based on the Tamura et al. (2010), synoptic
scale conditions are examined and the increase in
PT during IOP2 is discussed following the process
proposed in their study.
The characteristics of atmospheric proﬁles and
its diurnal variations are illustrated for IOP1 and
IOP2. However, the seasonal transition between
the two seasons remains to be studied. For that
purpose, coordinated observation has to be imple-
mented for longer term. On the other hand, same
kinds of data have been obtained in the mature sea-
son of summer monsoon in 2008 and these observa-
tion results should be investigated in future.
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